Abstract
Introduction

88
Wastewater treatment processes should comply with standards that ensure environmental protection, 89 whilst be efficient to minimise socio-economic burden (Ainger et al. 2009 ). The main priorities for 90 wastewater treatment (WwT) are effluent quality, cost, energy efficiency and nutrient 91 removal/recovery (STOWA, 2012) . Regulatory agencies aim to improve local environmental health 92 using advanced forms of WwT such as biological nutrient removal (BNR). To achieve tighter 93 effluent standards, traditional biological treatment is largely reliant on increasing energy input 94 through extended reactor aeration or retention time. Already, ~55% of the energy budget for sewage 95 treatment is used in aeration (Ainger et al. 2009 ). The development of wastewater treatment 96 technology is critical to improve the long term sustainability of necessary treatment capacity 97 (Hoyland et al. 2008; STOWA, 2012) . 98
Rotating biological contactors (RBC) are called disc, surface, media and biofilm reactors and 99
provide an alternative to the activated sludge (AS) process. The RBC has a solid media that 100 encourages microbial growth in a static biofilm (Singh and Mittal, 2012) . The RBC media is 101 arranged in a series of plates or discs which are rotated on a shaft through a biozone trough by motor 102 or air drive (Patwardhan 2003) . The rotation leads to bulk fluid mixing, convection through 103 media/biofilm pores, compound diffusion to the film and subsequent product exchange with the 104 reactor and surroundings (Rittman and McCarty, 2001 ). Biological processes occur inside a fixed 105 microbial biofilm, which contains components of active/non-active biomass, biofilm extracellular 106 matrix and debris (Arvin and Harremoës, 1990 ). The RBC combines bacterial growth and substrate 107 utilization with a natural biomass separation system; however effluent quality and process stability 108 is contingent on a distal sedimentation zone. The principal advantage of biofilm processes, such as 109
RBCs, is that the mean cell residence time (MCRT) is uncoupled from hydraulic residence time 110 (HRT). This could allow higher organic loadings and resistance to toxic shocks than suspended 111 culture systems (Najafpour et al. 2006 ; Cortez et al. 2008 ). Fixed RBC biofilms offer higher 112 substrate affinity, resistance to traumatic events and exhibit quicker recovery from starvation than 113 suspended counterparts (Batchelor et al. 1997 ; Bollmann et al. 2005 ). This could be due to 114 differential gene expression, physical or chemical isolation and the presence of stronger diffusion 115 gradients (Cohen 2001) . The RBC biofilm is especially useful for the degradation of refractory 116 agents due to high bacterial density and compound immobilisation (Singh et al. 2006 The RBC concept originated in Germany in 1920's where it was described as a 'rotating aerobic 137 mass' fixed to a media support (Chan and Stenstrom, 1981) , although the first plant was registered 138 in the United States and was named the 'Contact Filter' or 'Biologic Wheel' consisting of partially 139 submerged rotating plates (Doman, 1929 ). This device served as an alternative to the trickling filter 140 with 1/10 th the land area, and lower power cost than AS (Allen, 1929 operations for primary, secondary, and solids treatment respectively and usually treat PE >1000 173 (Griffin and Findlay, 2000), which allows more flexible process configurations (Fig. 1b,c) . However 174 size and weight constraints generally limit RBCs to a size of 3.5 m disc diameter. Modular RBCs 175 can be operated using parallel flow separation between units allowing operation within acceptable 176 loading limits (Fig. 1b) . In contrast, if effluent quality is of principal concern, RBCs are often 177 operated in series, with an n th RBC operating distal in the flow sheet (Fig. 1c) . Typically a 178 submergence of 40% (wet disc level), is used (Cortez et al. 2008) . By increasing the submergence 179 (Fig. 1d) , the conditions in the reactor become increasingly anaerobic which could favour processes 180 that require reduced oxygen levels such as denitrification (Teixeira and Oliveira, 2001 ). Hybrid 181 systems operate a RBC combined with another unit operation to improve the stability of a process 182 that has strong or variable loading, increase load capacity or improve the achievable effluent 183 standard (Vesilind, 2003; Hoyland et al. 2010) . Common configurations include a RBC/biofilm (Fig.  184 1e) or RBC/suspended growth combination which can be used for the upgrade of capacity 185 (roughing) or provide tertiary treatment ( Fig. 1f) (Vesilind, 2003 , Upton et al. 1995 . The 186 RBC/wetland combination has been applied to improve discharge consents for small works and 187 provide a storm flow buffer (Griffin, 2003) (Fig. 1e ). For longevity, the RBC is protected using ultra 188 violet light resistant media (e.g plastic with carbon black) or by covering the RBC within protective 189 casing which can also reduce heat loss and flies/odour. 190 Note to publisher: insert fig 1(a-f) . the system. Therefore the highest substrate removal rate is achieved at the maximum loading before 227 the transfer of rate limiting compound is exceeded (Fig. 2) . In RBC biofilms mass transfer 228 restrictions usually masks biological reaction kinetic limitations. As both substrates diffuse from the 229 bulk fluid in the same direction and one or both will become limiting at a certain depth in the 230 biofilm. In RBC biofilms there is an equilibrium between the rate of substrate consumption and 231 diffusional transfer which influences the penetration depth (Stewart and Franklin, 2008 
Cost
Microbiology of RBCs
334
The microbiology of RBC systems is governed by influent substrate conditions, seed population and 335 hydrodynamic conditions. The biofilm which grows on RBC media is reliant on initial adhesion and 336 the formation of glucoconjugate extracellular polymeric substance (EPS) matrix for stability (Möhle 337 et al. 2007 ). The most influential variable to the microbiology of RBCs is the mass transfer of 338 compounds, which is dependent on operational parameters, biofilm structure and 339 attachment/detachment mechanisms, and boundary layer thickness which have profound impact on 340 the chemistry and microbial community structure, function and activity (Wuertz et al. 2004 ).
Structure 342
The growth rate and yield govern the spatial location of groups within multispecies RBC biofilms 343 (Wuertz et al. 2004 ). Organisms with the highest maximum specific growth rate will be located 344 towards the outside of the biofilm whereas slower growing organisms will be located towards the 345 inside (Okabe et al. 1996 (Zahid and Ganczarczyk, 1994) . The surface microbiota will be exposed to shear forces 356 and the biofilm as an entity is subject to erosion. It is important to minimise mass sloughing events 357 which negatively impact biofilm sludge retention time and process performance can ultimately 358 suffer. Biofilm density is important to reduce sloughing frequency. Cell density increased from 3.3 x 359 10 9 to 3.9 x 10 10 cells.cm 3 with depth from 0 to 350 µm toward media surface (Okabe et al. 1996) . 360
The inner layers are protected from erosion and contain groups with a higher cell density (Arvin and  361 Harremoës 1990). The rate of diffusion decreases with depth into the biofilm due to density, mineral 362 formation and reduced mass driving force (Okabe et al. 1996; Stewart, 2003 biofilm phosphorus uptake was at a C:P range of 13 to 18 where P ranged from 3 to 8% of biofilm 473 VS. The biofilm thickness appeared to determine the TP removal with a maximum removal 474 efficiency of total phosphorus of 70% was attained at a biofilm thickness <1.8 mm. This limitation 475 is not apparent in suspended growth SBR. This could be a mass transfer restriction preventing 476 exchange of available phosphorus and organic substrates restricting TP uptake rate which is not 477 present in suspended growth setups. Understanding mechanisms which govern BPR in RBC 478 biofilms warrants further attention. 479
Priority pollutant remediation in RBCs
480
Priority pollutant remediation can require the bioaugmentation or retention of specialised strains. 481
Bioaugmentation in RBC systems is usually achieved through addition of either suspended or freeze 482 dried artificial cultures or freeze dried biomass to the RBC (Stephenson and Stephenson, 1992 However providing the system has been adequately described more complex models allow 607 application to different treatment scenarios (Wanner et al. 2006 ). An RBC model was one of the first 608 to describe simultaneous BOD removal and nitrification. It was suggested that heterotrophic activity 609 is the dominant process at earlier stages in RBC treatment and nitrification occurs once the BOD 610 concentration is below the threshold selecting against autotrophic nitrification (Mueller et al. 1978 ). 
The terms on the right hand side describe the transfer from the air, from/to the tank and from the 625 liquid film to the biofilm for each substrate/electron acceptor respectively. The model was 626 implemented on a three stage RBC and calibrated using oxygen transfer data. Increased effluentrecycle rate from 0.25-2.0 improved the rate of nitrification in the first stage of an RBC due to 628 dilution of influent BOD (Dutta et al. 2007 ). This model has the potential to describe biofilm 629 development with multiple bacterial groups and removal rate of their substrates and electron 630 acceptors. The hydrodynamics should be characterized and the model calibrated for oxygen transfer 631 prior to application, the inherent complexity limits the application to experienced modelers. 632
Oxygen transfer in RBCs 633
The oxygen transfer rate (OTR) determines the biofilm oxygen concentration and hence the selected 634 removal regime in RBCs. Initially, oxygen must diffuse from the bulk water/gas phase across the 635 boundary layer, into the film layer and eventually into the biofilm itself. The rate of diffusion is 636 dependent on the diffusion coefficient of oxygen and the distance according to Fick's Law (Stewart, 637 2003) . Originally it was thought that the majority of transfer occurs with biofilm contact to the air 638 phase and therefore bulk fluid concentration was less important (Hartman, 1960 ). Other models 639
were developed with the assumption that substrate alone rather than oxygen is limiting in RBCs: 640 these are now deemed unsuitable (Clark et al. 1978; Spengel and Dzombak, 1992 (Patwardhan, 2003 ). An alternative method is 645 that oxygenation occurs during film breakup and renewal. This is caused by the air/water cycling 646 involving the interaction with rotational derived forces, which overcome film layer surface tension. 647
The rate of renewal is dependent on the rotational speed, disc diameter, position and half spacing 648 (Table 5) found that the k L a increased in a linear fashion between the speeds of 3 and 10 rpm at bench scale. 659
The majority of film renewal is thought to occur when the surface tension resistance is broken under 660 the effect of gravity after the so called 'falling film' theory (Zhang et al. 2009 ). 661
Note to publisher: insert table 5 662
Novel applications of RBCs
663
The relatively simple engineering of RBC type systems promises to provide a platform for new 664 energy generating processes that treat wastewater. There are a variety of RBC systems that have 665 been applied for direct electricity generation or energy production through biogas and algae ( microbial fuel cell configuration which allowed for contaminant removal and electricity production. 668
This RBC achieved between 6.9 and 20.9% higher denitrification rates compared to a control RBC 669 setup where electron generation by anodic oxidation was used by denitrifiers for nitrate reduction at 670 the cathode. In a similar system it was shown that the optimum current for nitrogen removal is 0. Model only valid providing enhancement factor is described.
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